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57 ABSTRACT

A method of decoding a sequence of samples received over
a communications channel, such as a parfial response
channel, 1n which the sequence represents a length k binary
bit stream encoded as a sequence of bipolar symbols com-
prised of g groups of L symbols, each length L group of said
symbols corresponding to one of 2™ subwords having a
predetermined block digital sum. The decoding method
makes use of the structure of the encoding method by
finding, 1n one illustrative embodiment, for each group of L
samples, the maximum likelihood path through a time
varying trellis supporting the sets of subwords having pre-
determined block digital sums to idenfify said subwords;
recording the state metrics and branch metrics for each path
and identifying, from the metrics the maximum likelithood
path, the order of concatenation of the subwords.

11 Claims, 4 Drawing Sheets
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METHOD OF DETECTING DC-FREE
SKEQUENCES

TECHNICAL FIELD

This invention relates to the coding of digital signal
sequences which have predetermined energy spectra and,
more particularly, to dc-free signals, 1.€., signals having
negligible energy spectra at zero frequency.

BACKGROUND OF THE INVENTION

A “channel” 1s the propagating medium or electromag-
netic path connecting a transmitter and receiver and may be
represented by a transmission line or, more generally, by any
device characterized by a relevant alphabet of input signals
i, output signals j, and a set of conditional probabilities P (j|i)
that describe the likelihood of receiving a signal 1 given that
1 was transmitted. It 1s useful to adopt the convention that the
term binary refers to the alphabet {0,1} while the term
bipolar refers to the alphabet {-1, +1}. The bipolar version
of a binary sequence will mean the sequence obtained by
substituting +1 for the symbol 1 and -1 for the symbol 0. A
conventional digital communication system utilizes a chan-
nel which gives rise to no intersymbol interference at time
multiples of the symbol spacing interval, or which utlizes an
equalizer to create this condition. When digital signals are
transmitted over a channel at the Nyquist rate interference
among the symbols occurs. When this 1s done 1n a controlled
manner, the channel appears to have “memory” mnasmuch as
the received signal depends not only on the present symbol
but also on a symbol that was transmitted one or two or N
symbol 1ntervals ago. The polynomial generally describing
such a channel’s transfer function may be expressed as
G(D)=1£D= . . . D%, where D represents one signaling
interval of delay.

Where the duration and repetition rate of the signals 1n
relation to the channel bandwidth are such that the amount
of interference between successive pulses 1s within certain
limits, a multi-level form of signaling called partial response
signaling results. Partial response signaling 1s used 1n a
variety of applications, mcluding magnetic recording, base-
band repeaters for T-carrier, voice-channel modems and
digital radio. Partial response signaling 1s of special interest
over a partial response channel whose polynomial transfer
function has a (1-D) factor exhibit a spectral null at zero
frequency, 1.., the power density function of a channel
sequence at zero frequency 1s zero and 1s a stmple model for
channels that cannot pass dc signals, €.g., those mvolving
transformers. Among the dc-free channels used 1n magnetic
recording systems are those characterized by the duobinary
partial response (PR class 1) channel whose transfer poly-
nomial is (1-D). The transfer polynomial (1-D) indicates that
the channel has a “memory” of the immediately preceding
digit. The modified duobinary (PR class 4) channel has a
transfer polynomial of (1-D?), indicating that the channel
has a “memory” of the symbol transmitted two time 1nter-
vals ago. These two partial response channels may be
characterized as being “dc-free”. When successive bipolar
symbols having magnitudes +1 are applied to a channel
having a (1-D) transfer function the result is signals having
3 amplitude levels, +2, 0 or -2.

If the sequences of signals applied to the dc-free partial
response channel are encoded so that the codes are dc-iree,
a reduced probability of error in signal transmission 1s

obtained. See, for example, R. Karabed and P. Siegel,
“Matched Spectral Null Codes for the 1-D Partial-Response

Channel”, IEEE Trans. On Info. Theory, Vol, IT-37, No.3,
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May 1991, pp. 818—-855 and U.S. Pat. No. 4,888,779 1ssued
Dec. 19, 1989. The straightforward way of obtaining a
dc-free code requires that each code have a block digital sum
(BDS) of zero, which necessitates that each codeword have
an even number of bits. While there are (n C n/2) dc-free
output codewords that can be formed from a sequence of n
bits, an input binary bit stream of k bits can select only
k=floor log, (n C n/2) of them, resulting in a maximum code
rate of k/n. To obtain a higher code rate, a larger sequence
must be used, requiring a larger “codebook”. For example,
a dc-free code employing a 14-bit output codeword would
determine that k=floor log, (14 C 7)=11, thereby limiting the
code rate to 11/14 and requiring a codebook of 2™ words. A
slightly higher code rate of 13/16 would require a block
length of 16 bits and a codebook of 2> words.

In the co-pending application of co-mmventor Emina
Soljanin, Ser. No. 08/515,445 filed Aug. 15, 1995, an
encoding method 1s disclosed which produces a dc-free code
using a smaller codebook than would be predicted by the
above equations. This 1s accomplished, 1n part, by eliminat-
ing the restriction that channel codewords must all have a
block digital sum (BDS) of zero and contain only an even
number of bits. Instead, codewords are formed of sets of
concatenated subwords each of which may have an arbitrary
BDS so long as the overall digital sum of the subwords 1s
zero. For example, sets of pairs of subwords having comple-

e

mentary block digital sum may be used or there may be “j
subwords each of BDS=-1 and one subword of BDS="+7",
ctc. In one 1illustrative code, pairs of bipolar subwords
having the same BDS, but of complementary sign were
concatenated 1n an order determined by a p-bit portion of the
length k input sequence. The remaining (k-p) bits of the
length k input sequence are divided into g groups of m bats.
Each of the q groups selects (from a storage unit) one of 2™
bipolar length L. subwords having a predetermined BDS.
Since the m input bits are mapped to an output subword
having L symbols, an “mner” rate m/L code 1s thereby
defined. The number m 1s determined from floor log, (L C
n), where n is selected to provide a suitable number of
dc-free combinations having a BDS=(L.-2n). The overall
code rate 1s, of course, established by the fact that k input
bits produce gL output symbols, 1.e, the rate is k/(qL), where
k=p+gm.

Shown below 1s a table summarizing four of the illustra-
tive codes. The columns are identified as follows: r 1s the
code rate expressed as a fraction in which the numerator
represents the number of iput binary signals (identified as
k in the second column), and the denominator represents the
corresponding number of output symbols (represented by gL
in the third column). q is the number of groups of m bits in
the mmput and the number of groups of length L 1n the
encoded output. The block digital sum of the subwords is
indicated 1n the column BDS, while p/q 1dentifies the outer
code rate and m/L 1dentifies the mner code rate. Note that 1n
the rate 18/22 code there are pairs of subwords having block
digital sums of £1 as well as £3. In the ensuing description
of the present invention, reference will be made to the 46/56
code 1n the table below:

T k ql. g L [.Cnm BDS gm p p/gq m/L
11/14 11 14 2 7 7C3 5 10 1 1/2  5/7
46/56 46 56 8 7 7C3 5 40 6  6/8 5/7
1822 18 22 2 11 11C5 8 1 16 2 2/2 §/11

11C4 8 3 n n n n

In the above-mentioned co-pending application, the dis-
closure of which 1s hereby incorporated by reference, a
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method of decoding the encoded gL sequence 1s disclosed
which assumes a noiseless channel. When the individual
bipolar symbols of amplitude +1, -1 are applied to a
noiseless (1-D) channel the channel transfer function causes
the received sequence gl to have readily apparent ampli-
tudes of +2, 0 or -2, exactly. However, when the encoded
sequence 15 received from a noisy channel, the signals
received may no longer have values that are exactly +2 or
—2. The correct values of the symbol sequence must then be
detected from the noisy samples received from the channel.
This 1s accomplished most efficiently by establishing the
most probable values of each of the gL symbols, having in
mind the permissible values allowed by the coding scheme.
Once these values have been established decoding may take
place as described 1n the aforementioned co-pending appli-
cation.

The detection of codes on a (1- D) channel may be
accomplished by employing such known prior art techniques
as the time-varying trellis detection method disclosed by L.
Fredrickson, R. Karabed, J. W. Rae, P. H. Siegel, H. Thapar,
and R. Wood, “Improved trellis coding for partial response
channels,” IEEE Trans. Magn., vol. 31, no. 2, pp. 114148,
March 1995 or by concatenated detection described by K. J.
Knudson, J. K. Wolf and L. B. Milstein, “A concatenated
decoding scheme for (1-D) partial response with matched
spectral-null decoding”, Proc. 1993 IEEE Global Telecom-
mun. Conf. (GLOBECOM °93), Houston, Tex., November
1993, pp. 1960-1964. In this latter article 1t 1s proposed to
treat the decoding process 1n two stages 1n which the first
stage utilizes a maximum likelihood sequence estimation
(MLSE) detector for the uncoded (1-D) channel to estimate
the binary input sequence, ignoring the code. The second
stage 1s an error-event detector which improves the estimate
by using the dc-free block code to detect and correct
minimum distance error events. Correction of minimum
distance error events 1s made possible by the fact that
minimum distance error events for the uncoded (1-D) chan-
nel have power at DC. Since the dc-free code has no power
at dc, a minimum distance error event 1s detected whenever
power at dc 1s observed. The error event detector used the
dc-free block constraint to detect and correct minimum
distance error events. The dc-free block constraint has the
same properties as the dc-free code but includes some of the
dc-free words not employed 1n the code.

While the above-referenced decoding methods of L. Fre-
drickson et al and Knudson et al will successtully decode the
coded sequences of the above-mentioned co-pending
application, these decoding methods do not make use of
information about the encoding structure and must therefore
attempt to decode the entire codeword as an enfity. For
example, the method of Knudson et al, which proceeds to
estimate the entire codeword sequence (ignoring the code)
provides resulting estimates which may not actually be
codewords, 1.€., may not be dc-free codewords. The Knud-
son et al method computes the BDS for each estimated
codeword and, upon detecting a codeword having a non-
zero BDS, modifies the estimate by the most likely mini-
mum distance error event so that the result will be a word
with zero BDS. The complexity of the postprocessing lies in
its search for the most likely minimum distance error event.
Similar considerations affect the use of the Fredrickson et al
time varying trellis detection.

SUMMARY OF THE INVENTION

In accordance with the principles of the present invention,
the detection of a symbol sequence from the samples
received over a noisy channel makes use of the structure
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according to which the symbols were originally encoded,
namely, the encoding method employed i1n the above-
mentioned co-pending application. That encoding method
produced a dc-free, bipolar code having an overall rate of
k/(qL) by mapping a length k binary input sequence into an
output sequence of q pairs of bipolar subwords of length L
(i.e., each subword was composed of L bipolar symbols).

As stated above, the decoding method of the present
invention utilizes the fact that the codewords appearing on
the channel are composed of subwords whose overall
BDS=0 which, illustratively, may include sets of subwords
of complementary block digital sum (e.g., sets of pairs of
subwords having complementary BDS=+x, —x, +y, -y, etc.,
or even ] subwords of BDS=+x and one subword of BDS=-
jX) that are selected by an inner rate m/LL code while the
order of the subwords i1s determined by an outer rate p/q
code. Detection of codewords 1s accomplished by a detector
for the mnner code which finds the maximum likelithood paths
through an “inner” trellis for each block digital sum trans-
mitted over the channel, 1.e., the mner trellis 1s constructed
with the knowledge of the encoding method. For example,
if the subwords are selected from sets of pairs of subwords
having complementary BDS=+x, —-x, +y, —y, there will be
maximum likelihood paths through 1nner trellises for each of
these block digital sums. The cumulative branch metrics

m'.,, m__, m ml_y, etc., for each of the maximum

likelihood pathsy are¢ determined and stored 1n a path
memory. This procedure 1s repeated g times and, when all gL
data samples have been received and processed by the inner
detector, the most likely path through an outer trellis which
describes the order in which the subwords have been con-
catenated 1s found using the information from the updated
path memory. Advantageously, where the encoding method
uses paired sets of subwords having complementary block
digital sums, the outer trellis may be dispensed with merely
by calculating the difference between the cumulative metrics
for the two maximum likelithood paths until the differences
for all g groups have been found. The smallest difference
metrics 1dentify which subwords of the pairs need to be

inverted thereby determining the order of concatentation.

DESCRIPTION OF THE DRAWING

The foregomng and other objects and features of the
present 1nvention may become more apparent when the
ensuing description 1s read together with the drawing 1n
which:

FIG. 1 1s a trellis diagram showing all of the permaissible
transitions for a 7-bit subword which accumulates a net BDS

of +1;

FIG. 2 1s a trellis diagram showing all of the permaissible

transitions for a 7-bit subword which accumulates a net BDS
of -1;

FIG. 3 1s a trellis comprised of the trellises of FIGS. 1 and
2 taken 1n one order of concatenation;

FIG. 4 1s a trellis comprised of the trellises of FIGS. 1 and
2 taken 1n the reverse order of concatenation;

FIG. 5 1s the union trellis comprised of the trellises of
FIGS. 3 and 4, as secen by a prior art detector;

FIG. 6 1s an 1llustrative union trellis comprised of the
superimposition of the trellises of FIGS. 1 and 2 and which
describes the mnner code m/L;

FIG. 7 1s an 1llustrative trellis of the outer rate p/q code
which describes the BDS of associated subwords;
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FIG. 8 1s a time varying trellis for the inner rate m/L code
which repetitively detects the maximum likelihood sequence
of symbols 1 the encoded samples of length gL; and

FIG. 9 1s a flow chart of FIGS. 6 and 7.

GENERAL DESCRIPTION

FIG. 1 shows the ftrellis for sequences of 7 bipolar
symbols that can form a block digital sum (BDS) of +1. Each
upward pointing arrow represents a positive bipolar symbol
and each downward pointing arrow represents a negative
bipolar symbol. An illustrative sequence +1, -1, +1, +1, -1,
-1, +1 1s shown heavier. Since this sequence has 4
symbols=+1 and 3 symbols=-1 its BDS=+1. Every other
sequence which can be raced through the trellis from the
left-most node to the right-most node will also have a
BDS=+1. FIG. 2 shows a trellis for a sequence of 7 bipolar
symbols that can form a BDS=-1. An 1llustrative sequence
+1, -1, +1, -1, -1, -1, +1 1s shown heavier. Since this
sequence has 4 symbols=—1 and 3 symbols=+1, its BDS=-1.

Every other sequence which can be traced through this trellis
will have a BDS=-1.

The trellises of FIGS. 1 and 2 can be combined
(“concatenated”) in two different orders. FIG. 3 shows a
trellis consisting of the trellises of FIGS. 1 and 2 to form
concatenated subwords of BDS=+1 and -1 whereas FIG. 4
shows a trellis consisting of the trellises of FIGS. 1 and 2
concatenated to form subwords of BDS=-1 and +1. Since
the prior art detector methods made no use of the encoding
structure, they could not tell whether subwords were con-
catenated in the order of FIG. 3 or in the order of FIG. 4.
Such prior art methods therefore had to decode the union

trellis, shown 1 FIG. 5, which 1s composed of the trellises
of FIGS. 3 and 4 1n either order.

It will be advantageous to describe the method of this
invention for detecting the individual symbols of the gL
encoded sequence by using subwords having an illustrative
length L.=7. An 1llustrative rate 46/56 code, set forth in the
table above, will be employed. The rate 46/56 code was
constructed by dividing the k=46 bit mnformation input
sequence 1nto a group of p=6 bits and m=5 groups of g=8
bits. The length qlL.=56 channel sequence 1s formed from
=8 groups of length L=7 bipolar subwords having BDSs of
+1 or —1. Each length m=5 group of the mput sequence
selects (from a memory unit) one of the length L.=7 bipolar
subwords having a BDS=+1 (or -1). The encoding proce-
dure concatenates the subwords of FIGS. 1 and 2 so that g
sets of them have an overall BDS=0 but whose imnformation
content depends on the order in which the subwords are
assembled. As mentioned, the order of concatenation 1s
determined by the p bit sequence of 1nput bits.

It will be recalled that the rate 46/56 encoder was con-
structed by means of a outer rate p/q=6/8 code and an 1nner
rate m/L.=5/7 code and that the length glL=56 dc-free
sequence 1s composed of g=8 length L.=7 subwords. Every
length L.=7 subword corresponds to a path through one of the
two trellises of FIGS. 1 and 2 and therefore to a path through
the union trellis of FIG. 6. This trellis describes the inner rate
m/L.=5/7 code and will be referred to as the inner trellis. The
trellis for the outer rate p/q code, 1 which each symbol
denotes the BDS of the associated subword, corresponds to
a path through the outer trellis of FIG. 7. Because of the
transfer function of the (1-D) channel, the bipolar symbols
of the subwords that were applied to the channel with
original magnitudes of 1 will, 1deally, be received as
bipolar signals having 3 amplitude levels, +2, 0 or -2.
However, because the channel will be assumed to introduce
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Gaussian noise, the amplitudes as received will likely be
different. In accordance with this embodiment, the inner

detector reconstructs the (two) maximum likelihood paths of
length L (=7) through the inner trellis of FIG. 6, one with
BDS=+x (=1) and one with BDS=-x (=-1).

The 1dentities of the first two paths which have been found
after the first of the q (=8) sets of L (=7) received samples
have been processed by FIG. 6 are stored, and their cumu-
lative metrics, m',, and m'_,, are passed to FIG. 7, which
1s the detector for the outer trellis. The detector of FIG. 7
uses each set of cumulative metrics received from the 1nner
trellis to delincate corresponding branches of 1its trellis.
Stated otherwise, the cumulative metrics of FIG. 6 become
the branch metrics of FIG. 7. For example, the cumulative
branch metricsm™., and m"_, from the first set of L samples
from FIG. 6 establish the branches m'_, and m'_, in FIG. 7.
As each group of L samples 1s processed in FIG. 6, the
cumulative branch metrics produced are n_,, m¥_, where
1<j<q, the superscript 1 indicating to which of the q groups
of L samples the metric pertains. When the cumulative
branch metrics for all q (=8) groups of L samples have had
been passed to FIG. 7 the final branches of its paths having
metrics m?_, and m?_, are defined. Note that the outer code
p/q 1s dc-free so that all possible paths through FIG. 7 have
BDS=0.

Referring to FIG. 8 there 1s shown an illustrative, time-
varying trellis for decoding the inner rate m/L (=5/7) code
referred-to above. For the sake of simplicity, the trellis has
been shown as consisting of four distinct panels. However,
cach of the panels 1s a subset of the generic third panel so
that 1t 1s reconfigurable to form each of the other individual
panels shown. The first two samples received over the
channel are submitted to the detector configured as the
left-most panel at times K+1 and K+2. The next two samples
are submitted to the detector configured as the second panel
at times K+3 and K+4. The fifth and sixth samples are
delivered to the detector configured as the third panel at
fimes K+5 and K+6 and the last sample of the seven sample
sequence 1s delivered to the detector configured as the
richt-most panel at time K+7. The trellis of FIG. 8 can
assume six possible states, indicated by the horizontal rows
of nodes which are labeled, in order from top to bottom, (¢),
(b), (a), (c¢), (d), and (f). Each panel performs the Viterbi
algorithm on the samples delivered to it. The Viterb1 algo-
rithm calculates, for each branch path merging at a particular
node 1n a panel, the log-likelihood probability that the
received sequence travels that particular branch path. This
probability 1s known as the “metric” for the branch path. The
metric 15 a real number which 1s determined by the square of
the difference between the expected symbol’s nominal
amplitude (e.g., +2, 0, or —=2) and the actual amplitude r,- of
the received sample. For example, the metric m for a branch
path where the expected nominal amplitudes of the symbols
at ttmes K and K+1 would be 0 and -2 but the actual
amplitudes are r, and rx,,; may be expressed as m=(r—0)
“+(r,, ;—(=2))". The branch metrics of all branches merging
at a particular node are compared with each other and that
path 1s allowed to “survive” which has the smallest cumu-
lative metric.

Consider again the two left-most nodes (a) and (¢) of the
left-most panel. At the outset, the running digital sum of the
present block i1s imitialized to 0. However, because the
present block will, 1n general, have been preceded by a block
whose running digital sum was, according to the encoding
constraint, either +1 or -1, the superscript —1 in node (a)
indicates that the previous block had a running digital sum
of —1 while node (c) is labeled with the superscript +1 to
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indicate that the previous block had a running digital sum of
+1. The ensuing description will assume that the previous
block had a running digital sum of -1 and so we begin at
node (a).

At the end of the second time slot, K+2 the left-most panel
may exhibit one of our possible states, identified by the
nodes labeled at the right, from top to bottom, (b), (a), (c)
and (d). The trellis can be in the state at node (b) having
traveled the branch from node (a) or from node (c). Both

branches would respond to the same received sequence +1,
+1 and would thus have the same metric. Since the branch
metrics are the same, the branch that comes from the state
which has the lower state metric 1s chosen as the “survivor”.
Similar considerations apply for the trellis being in state (a)
at the right having traveled via the branch from node (a) or
from node (c) in response to the same received sequence +1,
—1; or being in state in state (c) having traveled via the
branch from node (a) or from node (¢) in response to the
same received sequence —1,+1; or being is state (d) at the
right having traveled the branch from node (a) or from node
(c) in response to the same received sequence —-1,-1. In
ogeneral, however, the suriving branch entering a node at the
right 1s determined by selecting that branch which has the
lowest sum of 1ts branch metric and the state metric of the
node from which 1t came.

The second panel receives the third and fourth samples
and, 1n response, any of the six nodes at 1its right-hand side
may be reached. The four nodes (b), (a), (¢) and (d) at the left
of the second panel correspond to the four nodes (b), (a), (¢),
(d) at the right of the first panel. Transitions from the nodes
(b), (a), (c), (d) at the left of the second panel to similarly
labeled nodes at the right of this panel are produced by
signal sequences corresponding to the signal sequences
described for the first panel. In addition, the transition from
node (b) at the left to node (e) at right is produced by the
sequence +1, —1; the transition from node (b) to node (a) is
produced by the sequence -1, —1; the transition from node
(d) at the left to node (c) at the right is produced by the
sequence +1, +1; the transition from node (d) to node (f) is
produced by the sequence -1, +1. Note that the encoding
constraint does not allow a transition from node (b), (RDS=
2) to node (c), (RDS=0, last symbol +1) since a 7-symbol
code which 1s to achieve a block digital sum of +1 or -1
cannot reduce the running digital sum to O from a running
digital sum of 2 within two symbols when the last symbol
recerved 1s +1.

The fifth and sixth samples are delivered to the third panel
and, as before, transitions between similarly labeled nodes 1n
this panel are produced by the corresponding symbol
sequences previously described. The seventh sample of the
present block 1s delivered to the right-most panel. From
nodes (¢) or (b) at the top left of this panel, where the
running digital sum 1s 2, only a symbol having the value -1
can lead to the right-most node RDS=1. From node (a) of
this panel, where the running digital sum 1s 0, a symbol
having the value +1 will lead to the right-most node RDS=1
while a symbol having the value -1 will lead to the right-
most node RDS=-1. Likewise, from the left-most node (c)
of this panel, where the running digital sum 1s 0, a symbol
having the value +1 will lead to the right-most node RDS=1,
while a symbol having the value —1 will lead to the right-
most node RDS=-1. From nodes (d) or (f) at the bottom left
of this panel, where the running digital sum 1s -2, only a
symbol having the value +1 can lead to the right-most node
RDS=1.

What has been described 1s deemed to be illustrative of
the principles of the invention, however, numerous alter-
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ations may made, as will be apparent to those skilled 1n the
art. For example, provided that the subwords are encoded 1n
pairs having complementary block digital sums, the trellis
for the outer matrix may be eliminated by computing the
eight differences between the two cumulative branch metrics

found by the detector for the 1nner trellis of FIG. 6. The four
smallest metrics 1dentily the positions of the subwords
which are to be mverted. That 1s, the outer trellis serves to
describe the outer code of length 8 bipolar words each
having four +1s and four —1s 1n which the positions of the
1s 1dentify which of the subwords are to be inverted.
Accordingly, mstead of storing the two state metrics pro-
duced by the mner trellis, 1t 1s enough to calculate the
difference of the two metrics. After the 56 samples have been
received there will be 8 difference metrics, one for each of
the 8 groups of 7 bit sequences. The four smallest differences
correspond to the positions of the +1s and the others
correspond to the positions of the —1s, where the positions
of the —1s indicate which 7 bit sequences are to be 1nverted.
Additionally, 1t 1s to be appreciated that the principles of the
invention are applicable to sequences transmitted over com-
munications channels whose transfer polynomial is (1-D)"
by employmng multiple versions of FIG. 8 and applying
successive signals to the respective versions. Further and
other modifications will be apparent to those skilled 1 the
art without however departing from the spirit and scope of
the 1nvention.

What 1s claimed 1s:

1. A method of decoding a sequence of samples received
over a communications channel representing a length k
binary bit stream encoded as a sequence of bipolar symbols
comprised of g groups of L symbols, each length L group of
said symbols corresponding to one of 2™ subwords having a
predetermined block digital sum, said subwords having been
encoded according to an inner rate m/L code and concat-
enated 1nto blocks of complementary sign block digital sum
according to an outer rate p/q code, where p 1s one part of
said length k sequence and gm i1s the remaining part,
comprising the steps of:

a. finding, for each group of L samples, the maximum
likelihood paths through a trellis of said inner rate p/q
code for said subwords having complementary sign
block digital sums of +q and of —q;

b. recording the cumulative state metrics and cumulative
branch metrics for each of said paths; and

c. 1dentifying from said cumulative metrics for each said
ogroup of L samples a corresponding branch 1n a trellis
for said outer rate m/L code to determine the order of
concatenation of said subwords.

2. Amethod of decoding a sequence of samples according
to claim 1 wherein said communcations channel 1s a partial
response channel.

3. Amethod of decoding a sequence of samples according
to claim 2 wherein said communcations channel 1s a partial
response channel whose polynomial transfer function has a
(1-D) factor.

4. A method of decoding a sequence of samples according,
to claim 3 wherein said trellis for said 1nner rate code 1s a
fime-varying trellis.

5. Amethod of detecting a sequence of samples according
to claim 1 wherein the number m 1s determined from floor
log, (L C n), where n is selected to provide a number of
dc-free combinations having a BDS=(1.-2n).

6. A method of decoding a sequence of samples received
over a communications channel, said sequence representing
a length k binary bit stream encoded as a sequence of bipolar
symbols comprised of g groups of L symbols, each length L




5,910,969

9

ogroup of said symbols corresponding to one of 2™ subwords
having a predetermined block digital sum, said subwords
having been encoded according to an inner rate m/L code
and concatenated 1nto blocks of complementary sign block
digital sum according to an outer rate p/q code, where p 1s
one part of said length k sequence and gm 1s the remaining
part, comprising the steps of:

a. finding, for each group of L samples, the maximum
likelihood path through a trellis of said inner rate p/q
code for each of a set of subwords having complemen-
tary block digital sums;

b. recording the cumulative state and branch metrics for
cach said path until the maximum likelihood paths for
g groups ol L samples have been found;

c. recording the difference between the branch metrics for
cach said path; and

d. determining the order of concatenation of said sub-
words according to the /2 smallest ones of said
metrics.

7. Amethod of detecting a sequence of samples according,
to claim 6 wherein the number m 1s determined from floor
log, (L C n), where n is selected to provide a number of
dc-free combinations having a BDS=(L.-2n).

8. A method of detecting a sequence of samples received
over a partial response channel 1n the presence of noise, said
sequence representing a length k binary bit stream encoded
as a sequence of bipolar symbols comprised of g groups of
L symbols, each length L group of said symbols correspond-
ing to one of 2™ subwords having a predetermined block
digital sum, said subwords having been encoded according
to an 1nner rate m/L code and concatenated into blocks of
complementary sign block digital sum according to an outer
rate p/q code, where p 1s one part of said length k sequence
and gm 1s the remaining part, comprising the steps of:

a. distributing each successive group of L samples of
signals received over said channel to a respective panel
of a trellis supporting said complementary block digital
sum subwords of said mner rate code;

b. finding the maximum likelihood path through each said
panel for each of said complementary sign block digital
sum subwords 1n said group of L samples;
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c. tabulating the cumulative branch and state metrics
through said panels respective to each said path; and

d. identifying from of said cumulative metrics a branch
through a trellis supporting said outer rate m/L code to
determine the order of concatenation of said subwords.

9. Amethod of detecting a sequence of samples according
to claim 8 wherein the number m 1s determined from floor
log, (L C n), where n is selected to provide a number of
dc-free combinations having a BDS=(1.-2n).

10. A method of detecting a sequence of samples received
over a communications channel in the presence of noise,
said sequence representing a length k binary bit stream
encoded as a sequence of bipolar symbols comprised of g
ogroups of L symbols, each length L group of said symbols
corresponding to one of 2™ subwords having a predeter-
mined block digital sum, said subwords having been
encoded according to an inner rate m/L code and concat-
enated 1nto blocks of complementary sign block digital sum
according to an outer rate p/q code, where p 1s one part of
said length k sequence and gm 1s the remaining part,
comprising the steps of:

a. distributing each successive group of L samples of
signals received over said channel to a respective panel
of a time-varying trellis supporting said complemen-
tary block digital sum subwords;

b. finding the maximum likelihood paths for said comple-
mentary block digital sum subwords through each said
panel for each said group of L samples;

c. recording the state metrics and branch metrics for each
said of said paths;

d. recording the difference between the metrics for said
paths; and

¢. determining the order of concatenation of said sub-
words according to the g/2 smallest ones of said
metrics.

11. A method of detecting a sequence of samples accord-
ing to claam 10 wherein the number m 1s determined from
floor log, (L C n), where n is selected to provide a number
of dc-free combinations having a BDS=(L-2n).
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